To isolate genes that are regulated by a photoperiod that promotes flowering in Pharbitis nil, a cDNA library representing mRNA of induced cotyledons was screened by differential hybridization. The DNA sequence of one cDNA clone isolated by this approach, clone 12L, showed homology to plant small heat-shock protein (hsp) genes. P. nil genomic clones hybridizing to clone 12L were isolated, and the DNA sequences of two P. nil small hsp (shsp) genes, shsp-1 and shsp-2, were determined. The derived amino acid sequences of shsp-1 and shsp-2 showed maximum homology to the 17.9-kD soybean hsp, a member of the class 11 cytoplasmic hsps found in plants. A The physiological processes in floral initiation can be divided into three steps: photoperiodic perception by cotyledons, translocation of induced floral stimulus to the shoot tip where floral initiation takes place, and evocation that results in the commitment of the meristem to form flowers. RNA synthesis in cotyledons, in response to the inductive photoperiod, has been suggested as a necessary part of floral induction in P. nil (1, 31). Recently, more direct molecular approaches have been applied to the study of changes in gene expression associated with the photoperiodic induction of flowering. Both qualitative and quantitative differences were found between translatable mRNAs isolated from cotyledons of plants kept in continuous light and from cotyledons of plants that received an inductive dark period (16).
Light is essential for the growth and development of plants. In addition to its effect on photosynthesis, plants exhibit a variety of responses to light at the level of gene expression. Expression of some genes in response to an appropriate light exposure is likely to be coupled to the process of photoperiodic induction of flowering in plants. Pharbitis nil (apanese morning glory), a SD plant, is ideal for the study of the early events of photoperiodic induction of flowering because young light-grown seedlings can be induced to flower quantitatively by exposure to a single dark period of at least 10 h in duration. A brief exposure to red light at approximately the 8th h after the beginning of the dark period inhibits flowering and this inhibition can be partially reversed by treatment to far-red light. The reversibility of the flowering response of P. nil seedlings to night break by a brief far-red light treatment suggests the involvement of phytochrome in the induction of flowering in this plant (3, 30) .
The physiological processes in floral initiation can be divided into three steps: photoperiodic perception by cotyledons, translocation of induced floral stimulus to the shoot tip where floral initiation takes place, and evocation that results in the commitment of the meristem to form flowers. RNA synthesis in cotyledons, in response to the inductive photoperiod, has been suggested as a necessary part of floral induction in P. nil (1, 31) . Recently, more direct molecular approaches have been applied to the study of changes in gene expression associated with the photoperiodic induction of flowering. Both qualitative and quantitative differences were found between translatable mRNAs isolated from cotyledons of plants kept in continuous light and from cotyledons of plants that received an inductive dark period (16) .
To isolate genes whose expression in P. nil cotyledons is regulated by a photoperiod that leads to flowering, we used a differential screening procedure. We report the isolation, sequence, and expression of one of the genes isolated by this approach. We demonstrate that this gene is a member of a multigene family and can potentially encode a low molecular mass hsp4. Expression of one member of this family is regulated by heat shock and by light, and expression of a related member is regulated only by heat shock.
MATERIALS AND METHODS

Plants
Pharbitis nil plants were grown at 230C for 5 d in coolwhite fluorescent light (145 gE m-2 s-1). At this time, they were subjected to an inductive dark period of 12 or 14 h and were subsequently kept in light for 2 h. The cotyledons were excised, and RNA was extracted as described below. Plants that received a red light night break were exposed to 20 min of red light at the 7th hour of the dark treatment. Etiolated seedlings were grown in complete darkness for 5 d. Plants used for heat-shock experiments were grown in continuous light. The cotyledons were harvested and submerged in a solution containing 1 mm potassium phosphate, pH 6.0, and 1% sucrose at 400C (heat shock) or at 250C (control) for a period of 2 h.
RNA Isolation
Total RNA from P. nil cotyledons was isolated by published phy on an oligo(dT)-cellulose column. Total RNA for RNase protection analysis was isolated by a GuSCN method (7) with minor modifications. Tissue (2 g) was powdered in liquid nitrogen and homogenized in 10 mL of phenol and 8 mL of GuSCN solution. The mixture was extracted with 10 mL of chloroform, and the aqueous layer was precipitated with ethanol. The pellet was washed with 5 mL of 3 M sodium acetate, pH 5.2, to remove carbohydrates, DNA, and tRNA. The RNA pellet was resuspended in 0.4 mL of 5 M GuSCN, and 10 ,ug of total RNA was used for RNase protection assays.
Construction and Screening of a P. nil cDNA Library Poly(A)+ RNA was isolated from cotyledons of P. nil plants that were subjected to an inductive dark period of 14 h followed by a 2-h light treatment (induced) and from cotyledons that were subjected to a similar treatment except for a 20-min red light night break at the 7th hour (control). A cDNA library representing poly(A)+ RNA from induced plants was constructed in bacteriophage vector Xgt 10 (13), and duplicate filters were screened with radiolabeled cDNA probe prepared against induced and control RNAs. Four clones representing mRNA whose expression was modulated by the inducing photoperiod were purified and analyzed (6) .
Construction and Screening of a P. nil Genomic Library P. nil DNA was partially digested with restriction endonuclease Sau3A and was size fractionated on a 5 to 25% NaCl gradient (18) . DNA fragments, 15 to 20 kb in size, were isolated, cloned into the BamHI site of bacteriophage XDASH vector (Stratagene, Inc.), and packaged in vitro using a 'Gigapack Gold' packaging extract (Stratagene, Inc.). The genomic library was screened using cDNA clone 12L as the hybridization probe (18) . Eleven positive clones were isolated from a screening of 3 x 105 plaques. To identify candidates that are members of the 12L gene family, these phages were rescreened with a 180-bp NdeI-EcoRI fragment containing only the 3'-noncoding sequences. Of six phages that hybridized to this 3'-noncoding probe, three (X 1-1, X 4-2, and X 5-1) were chosen for further study.
Characterization of the Genomic Clones
Phage DNA (2 .g) was digested with restriction endonucleases and subjected to electrophoresis on 0.8% agarose gels. The DNA fragments were transferred to nitrocellulose by the method of Southern (27) 
Primer Extension
Primer extension analysis was performed as described by Ausubel et al. (2) . An end-labeled oligonucleotide, complimentary to an 18-base stretch of the coding strand (5'-CAGCAGCGCGCCTTCTCG-3', residues 574 to 591, Fig.   4A ) was hybridized to 10 ,ug of total RNA isolated from heatshocked or nonheat-shocked P. nil cotyledons at 420C for 14 h. The primer was extended using unlabeled deoxynucleotides and murine leukemia virus reverse transcriptase (BRL). The resulting DNA product was analyzed on a denaturing urea-polyacrylamide sequencing gel.
Other Procedures
Radiolabeled DNA probe was prepared by the random primer method (5) . Hybridization of RNA and DNA were performed according to established procedures (18) .
RESULTS
Isolation and Expression of a Photoperiod-Inducible Gene
To isolate genes whose expression is controlled by an inductive photoperiod that leads to flowering in P. nil, a cDNA library representing poly(A)+ RNA isolated from induced cotyledons was constructed in bacteriophage XgtlO (6) . This library was screened by a differential screening procedure using radiolabeled probes representing mRNAs from uninduced cotyledons (receiving a 20-min red light night break at the 7th hour of a 14-h dark period followed by 2 h of light) and induced cotyledons (receiving a 14-h dark period followed by 2 h of light). DNA sequence analysis of one of the clones isolated by this approach, clone 12L, indicated that it encodes a protein homologous to low molecular mass hsps found in plants (for a review, see ref. 28) . Northern blot hybridization studies suggested that a gene represented by or related to clone 12L was expressed in cotyledons of plants that received a 14-h dark period followed by a 2-h light treatment (Fig. 1, lane 3) . The transcript was estimated to be approximately 800 nucleotides in length. A very low level of expression of this gene was observed in control plants that received a red light night break in the middle of an inductive dark period followed by a 2-h light treatment (lane 4). No expression of this gene was observed immediately after the end of a 14-h dark period (lane 2) or after the end of a 12-h dark period (lane 1). Also, no expression of this gene was observed in the terminal buds of induced or control P. nil seedlings, suggesting that the gene is expressed in a tissue-specific manner. Dot blot studies of RNA isolated from cotyledons collected at different times following the dark treatment also showed that maximum accumulation of mRNA corresponding to clone 12L occurred 2 h after the end of the dark period (data not shown).
The copy number of the gene represented by clone 12L was estimated by Southern blot hybridization (Fig. 2) Figure 2 . Southern blot analysis of P. nil DNA. Total genomic DNA from P. nil was digested with EcoRI (lane E), HindIll (H), and Sad (S), subjected to electrophoresis on a 1% agarose gel, and analyzed by Southern blot hybridization using 32P-labeled 12L cDNA as a probe. The sizes of standard DNA fragments (in kb) are indicated on the left.
suggesting that some members of the family may lie close to one another in the P. nil genome.
Isolation and DNA Sequence Analysis of Two Genomic Clones
The existence of a multigene family complicates the analysis of gene expression when only a coding region probe is available. Genomic clones of several members of the gene family were isolated to allow more specific analysis of gene expression using gene-specific probes in hybridization studies. Three genomic clones that hybridized to the 12L cDNA insert and to a 3'-noncoding fragment derived from 12L cDNA were isolated from this library. A physical map of two of the clones, X 4-2 and X 5-1, is presented in Figure 3 . The third clone contained a segment of X 5-1 as an insert. Southern blot hybridization analysis showed that X 4-2 contained one gene that was designated shsp-1. Clone X 5-1 was found to contain two hsp genes, one of which was designated shsp-2. The restriction map of X 4-2 was similar to that of X 5-1 in the region following the 3' end of shsp-1, but the region 5' to the shsp-1 gene contained polymorphism of restriction sites. It is unclear at present whether this difference is due to the existence of a polymorphism at a single locus in our population of P. presence of a different shsp gene on X 5-1. The regions encompassing shsp-l and shsp-2 genes from clones X 4-2 and A 5-1, respectively, were subcloned into plasmid vectors, and the DNA sequence of the genes were determined (Fig. 4) .
The shsp-1 gene contains an open-reading frame that can encode a 155-residue polypeptide with a calculated molecular mass of 17.0 kD (Fig. 4A) . Upstream of the shsp-1-coding sequence, several copies of the heat-shock element, nGAAn, are found arranged in alternate orientation (underlined sequences). At least two such 5-bp units are required for highaffinity binding of the Drosophila heat-shock factor in vitro (21, 26 Fig. 4A ). Similar sequences have been implicated in the light-regulated expression of some plant genes (9, 15, 24 (17, 19, 22) .
Identification of the Transcription Initiation
Site of shsp-l mRNA To determine the transcription start site of the shsp-1 gene, a deoxyoligonucleotide complimentary to residues 574 to 591 (Fig. 4A ) was synthesized. Following radiolabeling, the deoxyoligonucleotide was hybridized to total RNA isolated from P. nil cotyledons and extended with reverse transcriptase, and the extension products were analyzed by urea-PAGE. Results presented in Figure 5 show that an extension product of 160 nucleotides was synthesized as the major product with RNA isolated from heat-shocked cotyledons. 10% conservative substitutions (Fig. 6 ). An interesting feature of the two polypeptides is the high divergence in the Nterminal third of the proteins (60% mismatch). Comparison of these sequences to those in the Swiss-Prot Protein Data Base revealed maximum homology to a 17.9-kD soybean hsp (22) , a member of the class II cytoplasmic shsps found in plants (28) . The three sequences show high homology in the C-terminal two-thirds of the proteins, whereas maximum divergence is seen in the N-terminal ends (Fig. 6) . The derived amino acid sequences of shsp-1 and shsp-2 were found to exhibit 72 and 67% residue identity, respectively, with the 17.9-D soybean hsp and 39 and 41% residue identity, respectively, with the 17.5-E soybean hsp, a member of the class I cytoplasmic shsps found in plants (Table I) .
Expression of shsp-l and shsp-2 Genes by RNase Protection Analysis
Our northem hybridization studies showed that expression of a gene(s) represented by clone 12L is regulated by light (Fig. 1) . However, because a coding region probe was used in this analysis, the question remained whether shsp-1 or a related member(s) of the shsp gene family was responding positively tolight. To determine whether shsp-1 mRNA level changes in response to light, we monitored its expression using a shsp-1 gene-specific probe derived from the 5'-flanking region and a part of the coding region in an RNase protection assay (Fig. 7, top) . Identification of transcription initiation site of shsp-1 by primer extension. RNA from P. nil cotyledons was hybridized to 32P-labeled deoxyoligonucleotide primer and extended with reverse transcriptase, and the extension products were analyzed on a denaturing urea-polyacrylamide sequencing gel. Arrow indicates the major extension product. Lanes A, C, G, and T represent dideoxy-sequencing reactions of M13 mp18 DNA. Lane Similar studies using a gene-specific probe for the shsp-2 gene indicated that this gene is induced by heat-shock but not by light (Fig. 7, bottom) . Two protected RNAs differing by seven nucleotides in length were observed, indicating that shsp-2 probably utilizes two different transcription initiation sites. Analyses of the same RNA preparations with genespecific probes for shsp-1 and shsp-2 indicate that in response to heat shock the shsp-1 gene is more strongly induced than the shsp-2 gene (Fig. 7, bottom, lanes 1 and 2) (Fig. 2) . The DNA sequence of two of these members were determined (Fig. 4) . The shsp-1 and shsp-2 genes can potentially encode polypeptides 155 and 167 residues in length, respectively. Both proteins are homologous to each other (63% identity) and to other shsps of plants. As commonly observed with shsps (28), the homology between shsp-1 and shsp-2 is significantly higher in the carboxy-terminal two-thirds of the proteins. Analysis of the nontranslated sequences of the genes revealed the presence of multiple heat-shock elements in the 5' region. The role of these elements in heat-shock-induced gene expression is well established (reviewed in ref. 26) . It is likely that the heat-shock element-like sequences present in the 5 '-flanking regions of P. nil shsp genes carry out a similar function. In addition to heat-shock elements, the shsp-1 gene contains two GT-1 box-like sequences. GT-1 boxes, found to be located upstream of genes encoding the small subunit of ribulose-1,5-biphosphate carboxylase, have been implicated in mediating the light-inducible expression of these genes (9, 15) . A six-residue core sequence, GGTTAA, within one of the GT-1 boxes has been identified as essential for the binding of GT-1 transcription factor in vitro (10) . In this study, we demonstrate that expression of shsp-1 is regulated by light as well as by heat (Fig. 7) . It is possible that the GT-1-like elements present in the 5'-nontranscribed region of shsp-1 may function in mediating its light-inducible expression by interaction with an appropriate transcription factor(s).
Recent studies indicate that the nuclear-encoded hsp22, a chloroplast-associated hsp, and hsp7O in Chlamydomonas are regulated by light at the level of transcript accumulation (11, 14) . In pea, under heat-shock conditions, the abundance of mRNA corresponding to some low molecular mass hsps was found to vary during the day, indicating a circadian control of their accumulation (20) . Our own studies of a second hsp homolog, P. nil hsp83, show that its expression is induced by light (6). Thus, evidence emerging from these studies suggest that light may be an important regulator of hsp genes in plants and that the proteins encoded by these genes may play important roles in light-mediated processes of plants.
Based on the mode of induction, the light-inducible hsp genes can be grouped into two classes: (a) those that are regulated directly by light, such as shsp-1 and hsp83 of P. nil, and hsp70 of Chlamydomonas, and (b) those that are regulated by light only upon heat shock, such as hsp22 of Chlamydomonas and the pea hsps. A detailed characterization of the regulation of hsps discussed above and of other lightregulated hsps identified in the future may define the different mechanisms that operate in the regulation of hsps by light.
To understand the significance of light-inducible hsps in plants, an elucidation of the functions of these proteins will be required. A function in protecting the photosynthetic apparatus against heat and light stress has recently been demonstrated for shsps that are transported into the chloroplast. In Chlamydomonas, the presence of hsp22 correlates with the prevention of light-induced aggregation of the Dl protein of PSII during the heat-shock process (25) . The function of the cytoplasmic shsps is not known; however, the ubiquitous nature and the complexity of these proteins argue that they have important functions under both stress and normal growth conditions. Because of a high degree of homology with the 17.9-kD soybean hsp, shsp-1 probably belongs to the family of class II cytoplasmic hsps. Because shsp-l is induced in etiolated seedlings following transfer of the seedlings to light, a treatment that does not induce flowering, and because its expression is not significantly affected by a red light night break in the middle of an inductive dark period, a treatment that inhibits flowering, it is possible that this protein does not have a direct role in the flowering process of Pharbitis. One possibility is that it plays a protective role against light-induced damage of cytoplasmic proteins in plants; however, this is not likely because, although expression of both shsp-1 and shsp-2 is induced by heat shock, expression of only shsp-I is induced by light. On the contrary, induction of shsps during developmental processes, such as fruit ripening, seed development, or meiosis, suggests that these proteins have important, although yet unidentified, roles in some plant processes (4, 8, 12, 29) . A structural or an enzymic role for shsps in light-mediated development of plant cannot be ruled out at this time (reviewed in ref. 28 ). It will be of interest to elucidate the roles of proteins such as shsp-1 in the future.
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